Conventional late gadolinium enhancement (LGE) cardiac magnetic resonance can detect myocardial infarction and some forms of non-ischaemic myocardial fibrosis. However, quantitative imaging of extracellular volume fraction (ECV) may be able to detect subtle abnormalities such as diffuse fibrosis or post-infarct remodelling of remote myocardium. The aims were (1) to measure ECV in myocardial infarction and non-ischaemic myocardial fibrosis, (2) to determine whether ECV varies with age, and (3) to detect sub-clinical abnormalities in 'normal appearing' myocardium remote from regions of infarction.
Introduction
Cardiovascular magnetic resonance (CMR) using late gadolinium enhancement (LGE) can visualize myocardial infarction 1 or fibrosis in non-ischaemic cardiomyopathies 2 using contrast agents that distribute into the extracellular space. 3 Myocardial infarction and focal fibrotic processes of non-ischaemic origin appear bright on LGE images. 4 While LGE is clinically useful, reliance on relative signal intensity changes and nulling of 'normal appearing' myocardium make it difficult to identify subtle abnormalities such as diffuse interstitial fibrosis in the myocardium. Diffuse myocardial fibrosis involves increased collagen content 5 and should change the myocardial extracellular volume fraction (ECV). Gadolinium-enhanced MRI can quantify the ECV, 3 and CMR measures of ECV correlate with histologic evidence of fibrosis. 6 Furthermore, clinically feasible rapid T1 mapping by CMR has recently been developed. 7 Combining these two methods to quantitatively visualize the spatial extent of myocardial ECV could have utility in a wide range of cardiovascular diseases. The specific aims of this study were to (1) quantify the ECV in myocardial infarction and non-ischaemic myocardial fibrosis and (2) to detect sub-clinical diffuse abnormalities in 'normal appearing' myocardium. We hypothesized (1) that ECV imaging could quantitatively differentiate infarction and atypical LGE from 'normal appearing' myocardium, (2) that if myocardial fibrosis increases with age, then the ECV of myocardium would increase with age, and (3) that if infarction leads to diffuse fibrosis in remote myocardium, then ECV of remote myocardium would increase in a graded response related to the severity of overall left ventricular dysfunction. Thus, the goal was to quantitatively characterize ECV into two well-recognized clinical entities, namely myocardial infarction and non-ischaemic cardiomyopathies, and two sub-clinical entities, namely age-related myocardial fibrosis and diffuse myocardial fibrosis remote from infarction.
Methods

Selection of patients and volunteers
Between July 2009 and March 2010, 266 patients referred for clinical CMR assessment of known or suspected heart disease prospectively underwent ECV imaging. Patients were grouped in order to assess our respective hypotheses. (1) To assess whether ECV imaging could differentiate myocardial infarction or atypical LGE from 'normal appearing' myocardium, all patients with a prior myocardial infarction (n ¼ 36) or clinically recognized atypical LGE (n ¼ 30) on conventional LGE images (see below for classification criteria 2 ) were included if affected sectors of the heart were also imaged by ECV. (2) To address the relationship between ECV and age, we prospectively selected 10 patients per decade of life between 20 and 80 years of age from among those with a clinical report, concluding that there were no abnormalities on LGE (ECV vs. age, n ¼ 60). (3) To assess whether adverse remodelling alters myocardium remote from infarction, sectors lacking focal enhancement on the clinical report of patients with myocardial infarctions were considered 'normal appearing', and the ECV of these sectors was averaged and correlated against left ventricular ejection fraction. Classification of patients as displaying infarct LGE or atypical LGE was determined blinded to the results of ECV measurements and according to established criteria for assessment of focal findings on LGE as being ischaemic or non-ischaemic in origin. 2 In short, infarct LGE patients had a lesion with a sub-endocardial or transmural localization that corresponded to a coronary artery perfusion territory. Atypical LGE patients had a non-ischaemic lesion which was mid-mural, epicardial, or localized to the right ventricular insertion points in the left ventricle. Healthy volunteers (n ¼ 11) were recruited to assess the relationship between the ECV measure and time after injection of contrast agents. All patients and volunteers underwent venous blood sampling for measurement of haematocrit. Our institutional review board approved the study, and all subjects provided written informed consent.
Magnetic resonance imaging methods
Imaging was performed at 1.5 T (Magnetom Avanto or Espree, Siemens Healthcare Sector, Erlangen, Germany) using a 32-channel coil. T1 quantification was performed with a Modified Look-Locker , matrix of 174 × 192, slice thickness of 6 mm, time to repetition/time to echo of 2.5/1.0 ms, minimum inversion time of 110 ms, inversion time increment of 80 ms, flip angle of 358, parallel acquisition technique (PAT) factor of 2, number of inversions 2, images acquired after first inversion 3, pause 3 heart beats, and images acquired after second inversion 5.
Left ventricular volumes and ejection fraction were determined using steady-state free precession cine imaging. Late gadolinium enhancement imaging was acquired in three long-axis slices and a stack of short-axis slices using a gradient recalled echo phase-sensitive inversion recovery sequence. 8 
Image analysis
Quantitative parametric images of myocardial ECV were generated. A region of interest was drawn along the epicardial surface of the left ventricular myocardium on matched pre-and post-contrast MOLLI images (Leonardo Workstation, Siemens, Erlangen, Germany). Using these regions of interest, the pre-and post-contrast MOLLI images underwent non-rigid image registration to adjust for positional variation within and between breath holds. The registered MOLLI images were then used to generate pre-and post-contrast T1 pixel maps using MRmap (version 1.0, http://mrmap.sourceforge.net/). 9 Further image processing was undertaken with ImageJ (version 1.42q, http://rsbweb.nih.gov/ij/) in accordance with established theory (see Figure 1 ; see Supplementary material online). R1 maps were generated by taking the reciprocal of the T1 maps on a pixel-by-pixel basis. DR1 maps were then generated by subtracting the pre-contrast R1 map from the post-contrast R1 map. In the DR1 map, a region of interest was placed in the left ventricular blood pool, and the DR1 map was divided by the mean DR1 value of the LV blood pool and multiplied by [1 2 haematocrit], thus yielding a quantitative pixel map of the ECV fraction ranging from 0 to 100%. Region-of-interest measurements for infarct LGE and atypical LGE were manually delineated in regions visually identified to correspond with focal abnormalities identified in conventional LGE images acquired in the same slice position as the ECV images. 'Normal appearing' myocardium in these two groups was delineated in regions which appeared normal by LGE. Normal myocardium in the normal LGE group was delineated segmentally in the six midventricular short-axis segments defined by the American Heart Association 17-segment model, 10 and results are presented both segmentally and as a single averaged value per individual. Inter-and intraobserver variability were tested in a sub-group of 30 patients (10 normal LGE, 10 atypical LGE, and 10 infarct LGE) where one observer measured ECV once, and a second observer measured ECV blinded to other results at two time points at least 2 weeks apart. Clinical readers of LGE images were blinded to ECV results.
Statistical analysis
Statistical analysis was performed using SPSS version 17 (IBM, Somers, New York, USA). Data are presented as mean + SD or median and interquartile range as appropriate. Inter-and intraobserver variability are expressed as the mean difference + SD, in ECV percentage points, for the two measurements being compared. Statistical significance was defined as P , 0.05. Differences were determined by the Extracellular volume imaging by MRI two-tailed paired or unpaired t-test, as appropriate for normally distributed data. Linear regression analysis was performed using Pearson's correlation coefficient (r) for normally distributed data. Multiple comparisons were tested by one-way analysis of variance (ANOVA) with post hoc Bonferroni correction.
Results
Baseline demographics Table 1 shows the baseline characteristics of the study population. The patients classified as infarct LGE were typically referred for assessment of ischaemic heart disease. By comparison, the patients classified as having atypical LGE had a low pre-test likelihood for CAD and only 20% had prior known CAD. The patients used to study the relationship between ECV and age were prospectively selected solely based on age distribution and normal LGE findings at CMR. Many were referred to rule out ischaemic heart disease and had negative stress tests. Forty per cent had no cardiovascular medications. Over 90% did not have known CAD and, among these, the pre-test likelihood for CAD was mostly low or intermediate. The final diagnoses listed in Table 1 separate the three groups into those with myocardial infarction (infarct LGE), those with a variety of non-ischaemic aetiologies known to cause atypical LGE or had right ventricular insertion point LGE (atypical LGE), and the group with normal LGE findings (normal LGE). The 11 healthy volunteers had no history of cardiovascular disease, averaged 32 years old (range 18-52), and eight (73%) were males. Their estimated glomerular filtration rate (GFR) was .60 mL/(min/1.73 m 2 ).
Cardiac magnetic resonance imaging findings
The findings at cardiac MRI are listed in Table 2 . The distribution of myocardial infarcts was dominated by the left anterior descending coronary artery perfusion territory, followed by the right and left circumflex coronary arteries, respectively. The amount of left ventricular myocardium encompassed by LGE was similar between the infarct and atypical LGE groups (P ¼ 0.29). Notably, 17% of the atypical LGE lesions involved the region where the right ventricle inserts into the left ventricle as the only finding in an otherwise unremarkable examination.
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Extracellular volume fraction of infarction Figure 2 illustrates corresponding LGE images and quantitative ECV images. Note that in the infarct LGE patient, how the quantitative colour scale for ECV imaging provides quantitative information on the ECV throughout the left ventricle. Figure 3 shows the quantitative results of ECV values for normal and infarcted myocardium in the infarct LGE patients. On average, the ECV of infarcted myocardium was 51 + 8% and that of the 'normal appearing' myocardium was 27 + 3% (P , 0.001). There was no overlap between the infarct ECV and the normal myocardium ECV values, indicating ECV imaging can quantitatively discriminate between these tissues.
Extracellular volume fraction of atypical late gadolinium enhancement 
28 (78) 20 (67) 40 (67) African American, n (%) 3 (8) 5 (17) 9 (15) Asian, n (%) 5 (14) 3 (10) 6 (10) Native Hawaiian/Pacific Islander, n (%) 
Continued
Extracellular volume imaging by MRI atypical LGE in the septum of this patient was in the range 35 -40%, which was more than 3SD higher than normal. On average, atypically enhanced myocardium had an ECV of 37 + 6%, whereas 'normal appearing' myocardium in these patients had an ECV of 26 + 3% (P , 0.001, Figure 3 ). All atypical LGE lesions had a higher ECV than 'normal appearing' myocardium in the same patient.
Extracellular volume fraction of 'normal appearing' myocardium in relation to age
In patients with no clinically detected abnormalities by LGE (normal LGE), the ECV of the normal myocardium was 26 + 3% Figure 4) . Notably, the ECV of 'normal appearing' myocardium in these patients was not predicted by the presence of hypertension (P ¼ 0.43), dyslipidaemia (P ¼ 0.49), current or former smoking (P ¼ 0. LGE LCx, n (%) 6 (17) --
LGE RCA, n (%) 14 (39) --LGE RV insertion, n (%) -
(40) -
LGE abnormalities were classified as being in the left ventricle (LV) in either the perfusion territory of the left anterior descending coronary artery (LAD), left circumflex coronary artery (LCx) or right coronary artery (RCA), or the right ventricle (RV) insertion point, mid-mural or epicardial portion of the left ventricle. Due to incomplete cine imaging acquisition, LV functional measures are not presented for four infarct LGE patients one atypical LGE patient and two normal LGE patients. Data are presented as median and interquartile range.
Extracellular volume fraction in 'normal appearing' myocardium remote from infarction
We also postulated that if diffuse fibrosis occurs in 'normal appearing' myocardium remote from myocardial infarction, in which case the ECV of 'normal appearing' myocardium would increase as left ventricular ejection fraction worsens. Our findings confirm that ECV imaging can characterize these changes remote from infarction, since for infarct LGE patients, the ECV of 'normal appearing' myocardium increased as left ventricular ejection fraction decreased (r ¼ 20.50, P ¼ 0.02, Figure 5 ). By comparison, the ECV of the infarcted region did not vary with ejection fraction (r ¼ 20.14, P ¼ 0.23).
Time-independence of extracellular volume fraction measurement Figure 6 shows the change in T1, R1, DR1, and ECV over time after the injection of an intravenous contrast bolus in 11 healthy volunteers. The data show that the T1 of both myocardium and blood increase over time as contrast is cleared from the blood via renal clearance. Thus, both R1, which is the reciprocal of T1, and DR1, which is proportional to contrast agent concentration, decrease Figure 2 Late gadolinium enhancement (left) and quantitative extracellular volume fraction images (right) in a patient with prior myocardial infarction (Infarct) in the lateral wall (arrowheads), a patient with hypertrophic cardiomyopathy associated with atypical enhancement (Atypical) in the septum (arrowheads), and a patient with normal late gadolinium enhancement findings (Normal). Differences in extracellular volume fraction in the blood pool are attributable to differences in haematocrit. In the patient with a lateral infarct, most of the septum appears normal except a small patch of late gadolinium enhancement in the basal septum. The colour scale ranges from 0 to 100% extracellular volume. The normal range (mean + 2 SD) of 'normal appearing' myocardium in our normal population is indicated in the colour scale (20 -32%).
Extracellular volume imaging by MRI over time after contrast injection. Notably, ECV remains constant over time after contrast injection.
Intra-and interobserver variability
ECV in normal LGE had an intraobserver variability of 0.3 + 0.2% and an interobserver variability of 0.6 + 0.5%. ECV of focal atypical
LGE had an intraobserver variability of 0.3 + 0.8% and an interobserver variability of 0.4 + 1.1%. ECV of focal infarct LGE had an intraobserver variability of 0.6 + 0.6% and an interobserver variability of 0.3 + 1.9%.
Discussion
The major finding of the study is that ECV imaging can quantitatively characterize myocardial infarction, atypical fibrosis, and diffuse myocardial abnormalities not clinically apparent on LGE images. Infarctions varied considerably in ECV, but displayed no overlap with ECV of 'normal appearing' myocardium. In a clinically wellcharacterized population, we prospectively tested two sub-clinical hypotheses. If myocardial fibrosis increases with age, then the ECV of myocardium should increase with age. Recognizing that these results are subtle ( 3% over six decades), it is rather remarkable that a sample size of 60 could define this relationship. The second hypothesis focused on the concept that myocardial remodelling should alter myocardial ECV in 'normal appearing' myocardium remote from myocardial infarction in a graded response related to the severity of overall left ventricular dysfunction. While these findings need independent confirmation and correlative measures, it appears that myocardial ECV imaging is able to detect subtle abnormalities that are hidden within the current LGE imaging approach of nulling 'normal appearing' myocardium.
Age-related changes in 'normal appearing' myocardium
The current study is the first to show a continuous relationship between age and the ECV of 'normal appearing' myocardium. The magnitude of these changes was small on average, but is nonetheless consistent with diffuse fibrosis, which has previously been shown to be increased in elderly by histological assessment of myocardial collagen content. 5 Notably, the presence of hypertension, dyslipidaemia, smoking, and diabetes, as individual variables, did not influence ECV in our population. It is not completely known what causes age-related diffuse myocardial fibrosis. It is defined as increased collagen content in the interstitium 12 likely as a result of either age-related myocyte loss 13 or reduced collagen degradation, 14 or both. Potential mechanisms include an increased tumor growth factor beta-1 transcription with age 15 and age-related decrease in matrix metalloproteinases. 16 These changes lead to passive stiffness in the left ventricle 17 as manifested by reduced left ventricular diastolic function with age. 18 Taken together, our findings suggest that age-related changes in the 'normal-appearing' myocardium can be quantified in vivo.
Extracellular volume fraction remote from infarction
We found that ECV imaging could detect changes consistent with diffuse myocardium fibrosis remote from infarction. It is known that infarction can lead to adverse remodelling in the remote noninfarcted myocardium, including ventricular dilatation and progressive heart failure. 19 Post-infarct remodelling involves diffuse fibrosis in myocardium remote from the infarct and has been measured Figure 6 The relationship between T1, R1, DR1, and extracellular volume fraction of normal myocardium (black squares) and blood (white circles) over time after contrast injection in healthy volunteers (n ¼ 11). R1 is equal to 1/T1. DR1 is the difference between post-contrast and pre-contrast R1. DR1 is proportional to contrast agent concentration. Extracellular volume fraction is the extracellular volume fraction and is defined as the ratio of DR1 of the myocardium to DR1 of the blood, multiplied by one minus haematocrit. See Methods and Supplementary material online for details. Extracellular volume fraction effectively remains constant over the time period after contrast injection, indicating that the relationship between contrast agent concentration in the myocardium and in the blood is in a dynamic equilibrium. Extracellular volume fraction measurement in normal myocardium inherently compensates for renal clearance and is thus not dependent on imaging time after contrast injection. Statistical differences by analysis of variance with Bonferroni correction are denoted according to the convention: ***P , 0.001, **P , 0.01, and *P , 0.05.
histologically as the collagen volume fraction in patients. 20, 21 Another study showed trends in the same direction but did not have the statistical power to detect these subtle changes even by autopsy. 22 The collagen volume fraction of remote myocardium was inversely related to left ventricular ejection fraction after infarction in patients. 23 Prior biopsy data showed good correlation between gadolinium-enhanced MRI and collagen volume fraction in patients. 6, 24, 25 Taken in the context of these prior studies, our results are consistent with age-related increases in myocardial diffuse fibrosis and increased myocardial collagen associated with post-infarct remodelling. Development of diffuse fibrosis is influenced by neurohormonal factors including angiotensin-converting enzyme, 26 angiotensin II, 27 catecholamines, 28 and aldosterone. 29 Pharmacological therapy with beta-blockers 30 and angiotensin-converting enzyme inbitors 31 can reduce diffuse myocardial fibrosis. Our methodology may make it possible to non-invasively, serially, and quantitatively assess diffuse fibrosis as a potential endpoint for mechanistic studies of pharmacological intervention in heart failure.
Extracellular volume fraction imaging compared with related magnetic resonance imaging techniques
Extracellular volume fraction-equivalent MRI measures have been reported in acute myocardial infarction in rats 3 and humans, 32 chronic myocardial infarction in humans, 33 aortic stenosis, 6 congenital heart disease, 34 and idiopathic dilated cardiomyopathy.
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The current results agree with prior measures of ECV in normal and infarcted myocardium within 2-3%. 33 Thus, as a quantitative continuous variable, our measures appear to be well calibrated. Our parametric images have the added advantage of quantifying ECV at the resolution of the image, and this is a significant step beyond the previously used region-of-interest measurements. The study shows that normal myocardium is in a dynamic equilibrium with the blood pool minutes after contrast injection, in agreement with a previous study. 33 This means that contrast agent exchange between blood and normal myocardium is fast relative to renal clearance. By comparison, chronically infarcted myocardium takes 15 -20 min before achieving a steady state after intravenous contrast bolus administration, but nonetheless achieves a dynamic equilibrium. 33 Thus, T1 measurements can be used to accurately quantify ECV of normal myocardium 5 min following contrast injection, whereas ECV of chronic infarcts should be performed 15-20 min following bolus contrast injection. Our measurements of ECV in patients were acquired at a median of 18 min (interquartile range 16 -19 min) after contrast administration and thereby well within the acceptable range. Of note, pathologies may result in small differences in post-contrast T1 in tissue, sometimes as small as 20 ms differences in T1. However, as explained in detail in the Supplementary material online, ECV depends on both pre-and post-contrast T1 in the tissue, as well as haematocrit and pre-and post-contrast T1 in the blood. Thus, solely evaluating pathology based on postcontrast T1 in a tissue may be misleading, since all the other factors contribute to the measurement of ECV, which is the measure which provides characterization of pathologies in the extracellular space in physiologically intuitive units. Flett et al. 6 have measured an equivalent to our ECV measure using a slightly different approach. They used a contrast agent bolus followed by a slow infusion of the same agent, estimated T1 using a multiple breath-hold imaging approach, and performed measurements corresponding to ECV in regions of interest in the myocardium. Our data ( Figure 6 ) illustrate that although the DR1 and thus contrast agent concentrations are constantly changing after bolus injection, the relationship between normal myocardium and blood remains in a dynamic equilibrium and thus is inherently insensitive to time of imaging over the time period 5-25 min after contrast injection. As a result, the ECV of normally perfused myocardium can be reliably measured using a bolus approach without the need for infusion, and it has also recently been shown that infusion and bolus yield equivalent results when measuring ECV. 36 Furthermore, our use of single breath-hold T1 mapping combined with image registration has the advantage of providing a shorter imaging time which is more compatible with clinical routine, while providing parametric maps of ECV to illustrate the spatial distribution of ECV throughout the myocardium.
Limitations
Our cross-sectional data describe changes in myocardial ECV remote from infarction. These results are hypothesis-generating and require serial studies of remote myocardium following infarction in order to confirm the ability to detect post-infarct remodelling. The study was designed to quantitatively characterize focal lesions seen on LGE images and to the extent that it was possible, quantitatively characterize sub-clinical changes in the ECV of 'normal appearing' myocardium in patients with infarction or normal LGE findings. Due to the limited number of patients with specific 'atypical' diagnoses such as hypertrophic cardiomyopathy, we chose not to assess subtle changes of ECV in 'normal appearing' myocardium in the atypical group. Further studies with larger numbers of patients with non-ischaemic pathologies will be of interest to undertake with this new methodology. Our ECV imaging pixel maps are acquired at a lower spatial resolution compared with LGE imaging. This, in combination with the registration and T1 fitting process, makes it challenging to quantitatively assess small lesions, especially for sub-endocardial findings in the transition between myocardium and blood, which is particularly susceptible to the partial volume effect. Consequently, sub-endocardial findings should be interpreted with caution while taking spatial resolution and the partial volume effect into consideration. We chose to study the ECV of findings of atypical LGE defined as focal abnormalities of non-ischaemic origin seen in LGE images. This was performed in patients where atypical LGE was the only focal finding in the LGE images regardless of the clinical implications of the findings. Such abnormalities, particularly when they are small, may be difficult to diagnose with certainty in LGE images and ECV imaging may provide quantitative information for increased diagnostic confidence in this setting. However, it would also be of potential interest to study the 'normal appearing' myocardium of patients with a primary or secondary cardiomyopathy, and such future studies are justified. Acute myocardial infarction, with or without microvascular obstruction, does not achieve a dynamic equilibrium over the first 40 min after contrast bolus injection. 32 These data are consistent with a slower exchange rate for contrast between the blood and acutely infarcted myocardium compared with renal clearance. Thus, ECV values for acutely infarcted myocardium may vary with time after contrast bolus injection and should be interpreted with caution. Furthermore, patients with reduced cardiac function may have a reduced cardiac output which could theoretically result in the delayed delivery of contrast which might require a longer time period to achieve a dynamic steady state for the relationship between myocardial and blood contrast concentrations. This has not been studied and may be of interest to address in future studies. However, reduced cardiac output will also theoretically reduce renal clearance, which potentially could counterbalance the reduced perfusion and result in no net change in time to dynamic equilibrium. Lastly, while ECV image acquisition is currently routinely feasible, the post-processing needed to generate ECV images is currently not automated, and is time-consuming, although automated approaches are under development.
Conclusions
ECV imaging by MRI is a tool for visualization and quantitative characterization of both focal and diffuse myocardial abnormalities of both ischaemic and non-ischaemic origin. Importantly, ECV imaging detects diffuse changes in the myocardium which occur with age and as a result of post-infarct remodelling-findings that are not clinically obvious on conventional late gadolinium enhanced imaging.
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